Kinetochores often form merotelic attachments, in which a single kinetochore is attached to microtubules from both spindle poles. These attachments can result in improper chromosome segregation and are a significant source of aneuploidy [1, 2] , a hallmark of cancer [3] [4] [5] . Aurora B kinase and the kinesin-13 microtubule depolymerase mitotic-centromere-associated kinesin (MCAK) are required to release improper microtubule attachments [6] [7] [8] [9] . Aurora B regulates MCAK's activity and localization [10] [11] [12] . We set out to understand why MCAK and Aurora B are more abundant at some metaphase-aligned centromeres but are present at low amounts on most others. We found that members of the Aurora B complex are specifically enriched at merotelic attachment sites. We also found that Aurora B does not require its activity to become enriched at these sites; however, inhibition of Aurora B activity causes a significant increase in the number of merotelic attachments per cell. Aurora B activity enriches MCAK at merotelic attachments and phosphorylates MCAK on residues that regulate its microtubule depolymerase activity. These data demonstrate that proteins that resolve the defect are specifically localized to merotelic attachments, where their enzymatic activities are regulated.
Kinetochores often form merotelic attachments, in which a single kinetochore is attached to microtubules from both spindle poles. These attachments can result in improper chromosome segregation and are a significant source of aneuploidy [1, 2] , a hallmark of cancer [3] [4] [5] . Aurora B kinase and the kinesin-13 microtubule depolymerase mitotic-centromere-associated kinesin (MCAK) are required to release improper microtubule attachments [6] [7] [8] [9] . Aurora B regulates MCAK's activity and localization [10] [11] [12] . We set out to understand why MCAK and Aurora B are more abundant at some metaphase-aligned centromeres but are present at low amounts on most others. We found that members of the Aurora B complex are specifically enriched at merotelic attachment sites. We also found that Aurora B does not require its activity to become enriched at these sites; however, inhibition of Aurora B activity causes a significant increase in the number of merotelic attachments per cell. Aurora B activity enriches MCAK at merotelic attachments and phosphorylates MCAK on residues that regulate its microtubule depolymerase activity. These data demonstrate that proteins that resolve the defect are specifically localized to merotelic attachments, where their enzymatic activities are regulated.
Results and Discussion
At centromeres, the amounts of mitotic-centromereassociated kinesin (MCAK) and the complex containing the Aurora B kinase are high in prometaphase and reduced after the chromosomes align to the metaphase plate [9, 13] . In concordance with this, in Xenopus S3 tissue-culture cells we observed that after metaphase alignment most centromeres had low levels of these proteins; however, a few centromeres in each cell had comparatively high levels ( Figure 1A ). Given the previous data showing the roles of Aurora B and MCAK in regulating kinetochore-microtubule attachments, we sought to investigate whether these aligned centromeres with high levels of MCAK and Aurora B were improperly attached.
Merotelic Attachment of Kinetochores Distorts Ndc80 Foci
Because merotelic attachments are rare events in mitotic cells, they present a challenge to researchers in that they cannot be recapitulated in vitro and that any mitotic cell will have a mixed population of amphitelic and merotelic attachments. With the present technology, the only way to address questions regarding this problem is through high-resolution microscopy. To this end, we developed a specific set of antibodies to investigate the resolution of merotelic attachments.
Although tubulin is a direct visual means of identifying merotelic attachments, the amount of tubulin in a mitotic spindle in cells with large chromosome numbers makes their detection difficult. In Ptk1 cells, CREST (human calcinosis, Raynaud's phenomenon, esophageal dysfunction, sclerodactyly, and telangiectasia) staining has been shown to be highly distorted in kinetochores that are merotelically attached [1] . We therefore investigated whether the outer kinetochore protein Ndc80 [14, 15] could be used as a reliable marker for merotelic attachment. X. laevis S3 cells were immunostained for Ndc80 and for a-tubulin and were visualized by confocal microscopy. Whereas most Ndc80 foci at metaphasealigned kinetochores were round, there were several kinetochores (2.6 6 0.8 per cell; n = 25 cells) that were misshapen and appeared to be ''stretched'' in the direction of the opposite pole. The fact that essentially no distortion was found in cells treated with nocodazole (0.4 6 0.2 per cell; n = 20 cells) demonstrated that distortion of Ndc80 foci was dependant on microtubule attachment ( Figure 1C ). Merotelic attachments were detected by the presence of tubulin bundles in the inner centromere between two sister kinetochores. An average of 2.6 merotelic attachments per prometaphase cell is approximately 3.6% of the total kinetochores in the cell, which is in agreement with previous studies in which 2.7% of prometaphase kinetochores were merotelically attached [16] . We determined that 88% of these ''stretched'' Ndc80 foci had tubulin bundles in their inner centromere, indicating that the kinetochores are being stretched in opposite directions by merotelic attachments ( Figure 1B) . The distortion and state of attachment of these kinetochores was verified by 3D deconvolution and analysis (Movies S1-S6 in the Supplemental Data available online).
Previous data have shown that the inner kinetochore histone H3 variant CENP-A is distorted in merotelically attached kinetochores [1] . To confirm the significance of the Ndc80 distortion, we also examined CENP-A staining in these cells. We found that 99% of the distorted Ndc80 foci also had distorted CENP-A foci (n = 20 cells; Figure S1 ).
If one can use distorted Ndc80 foci to detect merotelic attachments, then treatments that increase the number of merotelic attachments in cells should also increase the number of distorted Ndc80 foci per cell. We treated the cells with nocodazole and then incubated them in drug-free media to allow spindle reassembly before fixation; this treatment (nocodazole washout) has been shown to increase the number of merotelic attachments in cells [1, 16] . As can be seen in Figure 1C , the metaphase-aligned chromosomes of nocodazole-washout-treated cells had more distorted Ndc80 foci than control cells (8.9 6 3.2 as opposed to 2.8 6 1.3 in control cells; Student's t test, p < 0.001, n = 18 cells). Of these, 90% of stretched foci had tubulin in their inner centromere. To ensure that the distortion of Ndc80 was due to merotelic attachments and not due to the nocodazole treatment alone, we also treated cells in the same fashion with the Eg5 inhibitor monastrol [17] . The results for the monastrol-washout-treated cells were the same as those for the nocodazole-washout-treated cells. Monastrol treatment resulted in 8.7 6 1.5 distorted metaphasealigned Ndc80 foci per cell, and 92% of the distorted pairs contained tubulin bundles in their inner centromere (n = 14 cells; Figure 1C ). These data demonstrate that misshapen Ndc80 foci can be used as a reliable visual marker of merotelically attached kinetochores.
Active Aurora B Kinase Is Enriched at Merotelic Attachments
In late prometaphase and metaphase cells, Aurora B kinase is enriched at a few metaphase-aligned centromeres ( Figure 1A ). Because Aurora B is thought to play a role in the release of improperly attached microtubules from kinetochores [6-8, 18, 19] , we examined Aurora B kinase localization at metaphase-aligned kinetochores with merotelic attachments. We determined that Aurora B is enriched at the same centromeres as the stretched Ndc80 foci 88% 6 21% of the time; in contrast, it is enriched at aligned amphitelic centromeres in late prometaphase cells 6.1% 6 0.7% of the time (Figures 2A and  2C ) (paired t test; p < 0.001, n = 12 cells).
To address the concern that Aurora B recruits more Ndc80 to merotelic attachment sites and creates more Aurora B binding sites, we performed several analyses. We found that there was no difference in the ratio of intensity of a merotelic kinetochore to its sister when these pairs were compared to amphitelic kinetochore pairs. We also found that there was no difference between the amount of Ndc80 in a merotelic pair of kinetochores and that in an amphitelic pair (Supplemental Results and Figure S2 ). Therefore, a direct comparison of total centromere staining intensity between centromeres is an accurate measure of enrichment, and hereafter ''enriched'' will mean having at least 2-fold higher total fluorescence intensity than the average intensity for unenriched centromeres. We found similar enrichment of Aurora B at merotelic attachments in a second cell line, Xenopus XTC cells ( Figure S3 ).
After cells were subjected to a nocodazole-washout treatment, we saw an increase in the number of centromeres enriched for Aurora B (from 3.7 6 1.1 in control cells to 15.4 6 2.6 in drug-treated cells; Student's t test, p < 0.001, n = 24 cells) ( Figure 2D ). We observed the same enrichment at merotelic attachment sites for INCENP and Dasra, two other members of the passenger protein complex (data not shown and Figure S4 ). Taken together, these data show that the complex containing Aurora B kinase is enriched at points of merotelic attachments on metaphase-aligned centromeres.
To determine if Aurora B is active at points of merotelic attachment, we generated a phosphospecific antibody against phosphorylated S850 of INCENP (P-S850). Autophosphorylation of this residue is required for full Aurora B kinase activity [20, 21] . Although INCENP is present in interphase extracts, the antibody does not recognize the protein. The antibody weakly recognizes a band of the expected molecular weight in Xenopus mitotic extracts; however, adding the phosphatase inhibitor microcystin to the extract greatly increases the staining ( Figure S5A ). This staining in Xenopus extracts is identical to that of other Aurora B substrates [10] and can be attributed to the activation of Aurora B only at centromeres that are not present in these extracts. The antibody also recognized two bands at approximately 80 kDa; these are most likely an INCENP degradation product because they are also recognized by our INCENP antibody. In addition, the antibody only recognizes recombinant INCENP that has been phosphorylated by Aurora B in vitro ( Figure S5B ), further demonstrating that it is a reliable marker for Aurora B activity.
To determine if the Aurora B enriched at merotelic kinetochores was active, we immunostained X. laevis S3 cells for Ndc80, INCENP, and INCENP P-S850. The INCENP and the P-S850 staining were also enriched at least 2-fold at merotelic kinetochores compared to amphitelic kinetochores, suggesting that Aurora B kinase is active at these structures ( Figures 2B and 2C ). The ratio of P-S850 INCENP to INCENP staining intensity remains the same between merotelic and amphitelic centromeres (n = 10 cells). This implies that although the Aurora B complex is enriched at merotelic centromeres, it is not activated above its normal centromeric kinase activity.
To test whether this localization is dependent on Aurora B kinase activity, we treated cells with the Aurora kinase inhibitor hesperadin [8] and stained for Ndc80 and Aurora B. We found that INCENP is not phosphorylated on S850 in hesperadin, demonstrating that the small molecule effectively inhibited kinase activity ( Figure 3B) ; nevertheless, Aurora B protein is still enriched at points of merotelic attachment ( Figure 3A) . We conclude that enrichment of Aurora B at points of merotelic attachment is independent of its kinase activity.
Inhibition of Aurora B activity also results in an increased number of merotelic attachments per cell (from 2.6 6 1.0 to 14.5 6 6.9; Student's t test, p < 0.001, n = 20 cells) ( Figure 3C ). The Ndc80 staining in hesperadin-treated cells was highly irregular (Figures 3A and 3C ). There is a similar increase in the number of centromeres enriched for Aurora B in hesperadin-treated cells (from 3.6 6 1.1 in control cells to 11.3 6 1.2 in hesperadintreated cells; Student's t test, p < 0.001, n = 24 cells) ( Figure 3B ). Taken together, these data suggest that Aurora B is enriched at merotelic attachment sites and that its activity is required to prevent or to resolve merotelic attachments.
MCAK Is Enriched at Points of Merotelic Attachment in an Aurora B-Dependent Manner
The Kinesin-13-family microtubule depolymerase MCAK is the only protein that has been previously shown to be required for repairing merotelic attachments [9] . MCAK dynamically associates with all centromeres from prophase to anaphase [11, 22] . MCAK's localization to centromeres is regulated by Aurora B kinase, where Aurora B also controls MCAK's depolymerase activity by phosphorylating MCAK on S196 [10] . We previously observed that MCAK is enriched at several aligned centromeres in prometaphase cells but not at others [10] . We have found the basis for this previous observation: MCAK and P-S196 MCAK are enriched at merotelically attached centromeres ( Figures 4A-4C) . The same calculations were performed for MCAK intensity on metaphase-aligned centromeres as for Aurora B. The amount of MCAK was also increased by at least 2-fold on ''enriched'' centromeres whether or not the intensity was normalized to Ndc80 (Supplemental Results and Figure S2 ). Total fluorescent intensity showed that the amount of P-S196 MCAK was at least 2-fold, and on average 3-fold, higher on enriched centromeres. We observed the same enrichment of MCAK at points of merotelic attachment in XTC cells as well ( Figure S3 ).
We also determined that there was an average 3-fold increase in the ratio of MCAK to P-S196 intensity on metaphase-aligned merotelic versus amphitelic kinetochores (61.4-fold, n = 8 cells). Because phosphorylation at S196 inhibits MCAK's depolymerization activity, this result suggests that the population of MCAK is both enriched and more active on merotelic centromeres than on amphitelic centromeres.
To determine the dependence of MCAK localization to merotelic attachments on Aurora B kinase activity, we treated cells with hesperadin. Although we saw bright pole staining of MCAK in hesperadin-treated cells, no MCAK was recruited to the inner centromeres of any of the metaphase-aligned merotelically attached kinetochores ( Figure 4D ). The numbers of centromeres enriched for MCAK and P-S196 MCAK are similarly diminished by hesperadin treatment (from 2.8 6 1.1 MCAK in control cells to 0.6 6 0.7 in hesperadin-treated cells; from 3.4 6 1.3 P-S196 in control cells to 0.15 6 0.3 in hesperadin-treated cells) ( Figure 4D ). Therefore, these data show that MCAK is enriched at points of merotelic attachment in an Aurora B-dependent manner.
The Role of Aurora B and MCAK in the Correction of Improper Kinetochore-Microtubule Attachments The localization of Aurora B and MCAK to centromeres is dynamic; FRAP experiments have shown that both have short half-lives [11, 23] . Moreover, they are enriched on at least two classes of centromeres. Both proteins are found at higher concentrations at centromeres that have not yet aligned to the metaphase plate [9] . Our study has focused on the small proportion of metaphase-aligned centromeres that contain higher concentrations of Aurora B and MCAK. There could be multiple reasons for enrichment of these proteins at this location: They could have recently arrived at the plate, been chromosomes that had been in the center of the cell but had not yet attached to microtubules, or contained improperly attached kinetochores. Our data show that centromeres aligned at the metaphase plate with high localization of both Aurora B and MCAK are predominantly merotelically attached. Because we consider it unlikely that all unaligned chromosomes contain merotelic attachments, there are likely multiple mechanisms for enriching both Aurora B and MCAK to centromeres.
A hallmark of repair processes in cells is that they recruit proteins to fix the offending lesions. For example, UV-damaged cells specifically recruit both the DNArepair proteins and the DNA-damage-checkpoint machinery into nuclear foci (reviewed in [24] ). Our results show that centromeres of merotelic attachments similarly contain increased amounts of the passenger protein complex containing Aurora B kinase and the microtubule depolymerase MCAK at the point of improper attachment. From these analyses, we cannot determine whether Aurora B and MCAK are being recruited to these locations or whether they are being retained at them. Altogether, our results have defined the outline of a pathway that maintains genomic stability by repairing improper attachments of the mitotic spindle to prevent aneuploidy. We propose calling this the merotelic resolution pathway.
Our results and those reported in this issue by Cimini et al. [25] suggest Aurora B may be a master regulator of the merotelic resolution pathway that recruits and regulates proteins to release the attachment. One protein it enriches is MCAK, which could then depolymerize the improperly attached microtubules. Phosphorylation on S196 of MCAK inhibits depolymerase activity in vitro [10] . Although the mechanism(s) that activate MCAK at centromeres has yet to be determined, dephosphorylation of the S196 site is a likely step. If true, our finding that the ratio of MCAK/pS196 MCAK is higher at sites of merotely suggests that MCAK is more active at these sites than at properly attached centromeres. Although the enrichment of a protein with an enzymatic activity capable of resolving an improper attachment is intellectually satisfying, we feel that it is likely that Aurora B will both recruit and regulate additional proteins to resolve merotelic attachments. Consistent with this idea, Aurora B can regulate kinetochore status, and a number of kinetochore proteins that are required for kinetochore fiber formation are substrates of Aurora B [26, 27] . Thus, we prefer a model in which Aurora B phosphorylates the proteins that interact directly with the microtubule to allow the kinetochore to release its attachment and in which it also enriches MCAK and perhaps other proteins to depolymerize the released microtubule. 
